(Accepted 9 August 1982)
Abstract. -New experimental r e s u l t s on t h e o v e r a l l t r a n s f o r m a t i o n k i n e t i c s of t h e b a i n i t e r e a c t i o n ( i n t h r e e d i f f e r e n t s t e e l s ) a r e i n t e r p r e t e d i n t e r m s of r e c e n t work on t h e t r a n s f o r m a t i o n mechanism o f b a i n i t e . The a n a l y s i s is shown t o be c o n s i s t e n t with ( a ) a l i n e a r dependence o f t h e a c t i v a t i o n energy f o r i s o t h e r m a l n u c l e a t i o n , o n t h e t r a n s f o r m a t i o n f r e e energy change, ( b ) t h e sub-unit mechanism of b a i n i t i c t r a n s f o r m a t
i o n , ( c ) t h e v a r i a t i o n of n u c l e a t i o n r a t e with t h e d e g r e e o f t r a n s f o r m a t i o n , ( d ) hard and s o f t impingement e f f e c t s and ( e ) a l l o y i n g element e f f e c t s . I t is a l s o suggested t h a t t h e more conventional methods o f a n a l y s i n g t h e o v e r a l l t r a n s f o r m a t i o n k i n e t i c s a r e i n c o n s i s t e n t with t h e experimental r e s u l t s , and with t h e need t o understand a l l o y i n g element e f f e c t s .
I n t r o d u c t i o n . -The r e l a t i o n s h i p between t h e f r a c t i o n of a u s t e n i t e transformed t o -b a i n i t e , and t h e t i m e a t c o n s t a n t temperature and a l l o y composition has never been e v a l u a t e d i n a manner c o n s i s t e n t with t h e mechanism o f t h e b a i n i t e t r a n s f o r m a t i o n (1-4). E s s e n t i a l f e a t u r e s o f t h e t r a n s f o r m a t i o n , such a s t h e nincomplete-reaction phenomenon" (which has been shown t o be a c r u c i a l f e a t u r e o f t h e b a i n i t e r e a c t i o n Refs. [5] [6] [7] [8] cannot t h e r e f o r e be p r e d i c t e d , and s i m i l a r d i f f i c u l t i e s a r i s e i n understanding t h e i n f l u e n c e of s u b s t i t u t i o n a l a l l o y i n g elements on t h e o v e r a l l p r o g r e s s o f t h e t r a n s f o r m a t i o n . T h i s work is aimed a t t h e i n t e r p r e t a t i o n o f new experiments on t h e o v e r a l l t r a n s f o r m a t i o n k i n e t i c s o f t h e b a i n i t e r e a c t i o n , i n t e r m s o f r e c e n t s t u d i e s (5-8) on t h e t r a n s f o r m a t i o n mechanism involved. S t e e l s c o n t a i n i n g about 2 wt.pct. o f s i l i c o n a s an a l l o y i n g element were used; t h e s e can be i s o t h e r m a l l y transformed t o j u s t b a i n i t i cf e r r i t e and r e s i d u a l a u s t e n i t e ( 9 ) . t h e formation o f c a r b i d e s being completely suppressed. Hence, t h e k i n e t i c measurements r e l a t e d i r e c t l y t o t h e d i s p l a c i v e formation of b a i n i t i c -f e r r i t e , without i n t e r e f e r e n c e from any o f t h e a d d i t i o n a l . d i f f u s i o n a l r e a c t i o n s (such a s c a r b i d e p r e c i p i t a t i o n ) which accompany t h e formation o f b a i n i t e i n conventional s t e e l s .
Exgerimental Procedures. -Two o f t h e a l l o y s used were made from high-purity .------------c o n s t i t u e n t s (5, 8) , with compositions Fe-O.39C-2.05Si-4.08Ni
and Fe-0.22C-2.03Si-3.OMn (wt.pct.); t h e t h i r d a l l o y (300M s t e e l ) , obtained from Firth-Brown, had t h e composition Fe-O.44~-1.~4Si-0.67Mn-1.85Ni-0.83Cr-0.39Mo-0.09V.
The a l l o y s were a l l homogenised a t 1300'C f o r 3 days, e i t h e r i n a vacuum f u r n a c e o r while s e a l e d i n q u a r t z c a p s u l e s c o n t a i n i n g pure argon. Specimens f o r d i l a t o m e t r i c a n a l y s i s were machined i n t h e form o f 3.2mm o u t e r diameter c y l i n d e r i c a l r o d s with a 1.5mm diameter bore and a 20mm length.
They were then e l e c t r o p l a t e d with a 0.075mm t h i c k l a y e r o f N i , e s s e n t i a l l y t o provide c o n s t r a i n t and t o e l i m i n a t e s u r f a c e d e g r a d a t i o n d u r i n g h e a t t r e a t m e n t . A f t e r a u s t e n i t i s a t i o n i n an atmosphere o f pure helium ( c a r r i e d o u t i n a Theta I n d u s t r i e s high-speed d i l a t o m e t e r ) a t 1000'C f o r 5 mins, t h e specimen chamber was evacuated t o f a c i l i t a t e t h e quench t o t h e i s o t h e r m a l t r a n s f o r m a t i o n temperature, by means o f a c o n t r o l l e d high-pressure He j e t d i r e c t e d b o t h r a d i a l l y and a x i a l l y a t t h e specimen, g i v i n g quench r a t e s averaging 2 5 0 -3 0 0 '~s -~. The l e n g t h t r a n s d u c e r on t h e d i l a t o m e t e r was c a l i b r a t e d by measuring t h e expansion c o e f f i c i e n t s o f pure N i and pure Pt rods. The l i n e a r e x p a n s i v i t i e s o f t h e f e r r i t e and a u s t e n i t e (%.ey r e s p e c t i v e l y ) were measured over t h e temperature ranges 25-600'C and 800-990'C respectively, a t h e a t i n g o r c o o l i n g r a t e s o f 5'C min-'. They were found t o be c o n s t a n t over t h e temperature r a n g e s s t u d i e d . To determine ea, specimens were f i r s t annealed a t 600'C f o r 2 h r s b e f o r e t e s t i n g , i n o r d e r t o induce t h e thermal decomposition o f any a u s t e n i t e ; t h e s e measurements do n o t t a k e account o f t h e v e r y small volume f r a c t i o n o f c a r b i d e s p r e s e n t i n t h e specimens. It i s a l s o assumed t h a t e is not a f u n c t i o n o f Y carbon c o n t e n t (xy), c o n s i s t e n t with Y Ref.11. L a t t i c e parameter measurements ( u s i n g C o K a r a d i a t i o n ) were c a r r i e d o u t u s i n g a Debye-Scherrer method, on h e a t -t r e a t e d specimens which were c h e m i c a l l y p o l i s h e d and thinned b e f o r e t e s t i n g . A Newton-Ralphson e x t r a p o l a t i o n , u s i n g 0 11.002.112.022a l i n e s , was used t o o b t a i n t h e ambient temperature f e r r i t e l a t t i c e parameter (Sa).
Since t h e accomodation f a c t o r o f b a i n i t e sub-units can be shown t o be n e a r l y zero, t h e l e n g t h change per u n i t l e n g t h (i.e.. A l / l ) corresponding t o a volume f r a c t i o n V o f b a i n i t i c -f e r r i t e is given by
A I /~ = (2~a:
... ( I ) where aa = -
a t t i c e parameter o f a u s t e n i t e w i t h t h e mean a l l o y composition ( a t T) s o t h a t += (a, + t c i x i ) ( 1 + ey(T -298)),
t h e c i a r e c o e f f i c i e n t s r e l a t i n g a l l o y i n g element c o n c e n t r a t i o n (xi) t o t h e change i n t h e l a t t i c e parameter o f unalloyed a u s t e n i t e ( a o ) . c i were obtained from ( 1 1 ). Hence (12) 
where s = amount o f carbon which remains i n t h e f e r r i t e (0.03 wt.pct.. Ref.6) a f t e r t r a n s f o r m a t i o n , and I is t h e mean carbon l e v e l o f t h e a l l o y i n wt.pct.
A f t e r making t h e a p p r o p r i a t e s u b s t i t u t i o n s , Eqn.1 can be solved t o g i v e V a s a f u n c t i o n o f A l / l . The experimental values o f l i n e a r expansion c o e f f i c i e n t s and l a t t i c e parameters a r e given below. 
h e r m a l t r a n s f o r m a t i o n temperature, and k = V/8, where 8 i s t h e maximum volume f r a c t i o n of b a i n i t i c t r a n s f o r m a t i o n t h a t can be achieved a t a p a r t i c u l a r i s o t h e r m a l t r a n s f o r m a t i o n temperature. It i s e v i d e n t (Fig.1) t h a t t h e experimental d a t a does n o t obey Eqn.2 f o r k>0.6, and t h a t t h e r e is no unique value o f n ( Fig.2) Fig.1 i s claimed t o be c o n s i s t e n t w i t h Eqn.2, t h e n it n e c e s s a r i l y f o l l o w s t h a t t h e a c t i v a t i o n energy obtained must be independent o f 5 . However, because o f t h e c o n s i d e r a b l e s c a t t e r i n n, any a c t i v a t i o n energy deduced a s d i s c u s s e d e a r l i e r , must w i t h t h e ( a r b i t r a r i l y chosen) v a l u e o f f o r a n a l y s i s . Hence, even i f any p a r t i c u l a r s e t o f i s o t h e r m a l d a t a can perhaps be a s s e s s e d t o be c o n s i s t e n t with Eqn.2, t h e t o t a l d a t a s e t is c l e a r l y b a d l y r e p r e s e n t e d . Other methods o f a n a l y s i s (14. Eqn.4.9 o f Ref. 15 , a f t e r c o r r e c t i n g s i g n e r r o r ) were a l s o e m p i r i c a l l y a p p l i e d , b u t without s u c c e s s , and a mechanism based t h e o r y was t h e r e f o r e i n i t i a t e d .
t i v a t i o n energy' (I?,), but d e t a i l e d a n a l y s i s i n d i c a t e d t h a t l n ( t ) c o r r e l a t e d v e r y b a d l y ( l i n e a r c o r r e l a t i o n c o e f f i c i e n t s from -0.2 t o 0.2) a g a i n s t (l/nRT). More s i g n i f i c a n t l y . i f each o f t h e l i n e s o f

Recent work (5-9) i n d i c a t e s t h a t t h e b a i n i t e t r a n s f o r m a t i o n i s d i f f u s i o n l e s s , growth o f a * s h e a f t o c c u r r i n g by t h e m a r t e n s i t i c propagation of 'sub-units' whose s i z e is l i m i t e d ( t o say a c o n s t a n t volume per sub-unit, 'vt) by t h e b u i l d up o f an accumulating f r i c t i o n s t r e s s which opposses and e v e n t u a l l y t e r m i n a t e s t h e growth of t h e sub-unit. The r e d i s t r i b u t i o n o f carbon from t h e s e u n i t s o f t r a n s f o r m a t i o n ( i n t o t h e r e s i d u a l a u s t e n i t e ) o c c u r s t h e a c t u a l t r a n s f o r m a t i o n event, and a d e t a i l e d thermodynamic a n a l y s i s (6.8) h a s shown t h a t t h e maximum p e r m i s s i b l e degree o f t r a n s f o r m a t i o n t o b a i n i t i c f e r r i t e ( a t T) is (approximately, s i n c e we i g n o r e s t o r e d energy t e r m s ) given by
To where xTo i s t h e carbon l e v e l a t which a u s t e n i t e and f e r r i t e o f i d e n t i c a l composition have equal f r e e e n e r g i e s .
I n a d d i t i o n , it seems t h a t t h e n u c l e a t i o n behaviour o f both Widmanstatten f e r r i t e and b a i n i t e is c o n s i s t e n t with i s o t h e r m a l m a r t e n s i t e n u c l e a t i o n t h e o r y (5). s o t h a t t h e a c t i v a t i o n energy f o r n u c l e a t i o n i s a l i n e a r f u n c t i o n of t h e chemical f r e e energy change involved (AF,, a s d i s c u s s e d i n Refs.16,17). The n u c l e a t i o n r a t e per u n i t volume, I, i s given by
... ( 3 ) where C2 and C3 a r e c o n s t a n t s . I f t h e n u c l e a t i o n r a t e a t t h e Widmanstatten f e r r i t e s t a r t t e m p e r a t u r e (Ws) is given by IWs. then Eqn.3 may be w r i t t e n a s
I = IWsexpC(-(C2 AT)/(RTWS) )-(c~/R)((AF~/T)-(AF~/ws)))
... ( 4 ) where AT = T -W s and AFN is given i n Refs.5,16. The v a r i a t i o n o f AFm with t h e amount o f b a i n i t i c f e r r i t e is t a k e n t o be AF,= AF; {I
... ( 5 ) and i f RT r =C49 A F; t h e n AFm= AF;<I -( ( TRTE )/(C3 A%))> ... ( 6 ) where A F~ is t h e f r e e energy change f o r n u c l e a t i o n when 5 -0, and C4 and r a r e f a c t o r s designed t o reduce t h e d r i v i n g f o r c e f o r n u c l e a t i o n a s 5 i n c r e a s e s . To account f o r a u t o c a t a l y t i c e f f e c t s ( 1 8 ) , IWs may be f u r t h e r expanded a s
.
.. ( 7 )
Using t h e 'extended volume' arguments o f Avrami ( s e e Ref. 13 
... ( 8 ) where t = t h e i n d u c t i o n t i m e a t which a r e g i o n n u c l e a t e s . t e n c e , f ( d~) /~( l -5 ) ( I + ~~B ) (~X~( T~) ) ) =~~V I~/~)~T ... ( 9 ) On i n t e g r a t i n g Eqn.9, we g e t
T36
In(-Aln(1 -5 ) + ( B / ( P e ) ) l n ( l + P 5 experiment. M u l t i p l e r e g r e s s i o n a n a l y s i s , which included a r o u t i n e f o r t e s t i n g t h e f i t between t h e c a l c u l a t e d and experimental t i m e s ( f o r any value o f k , f o r a l l t h e d a t a ) .
was used t o o b t a i n C3=3.769 (dimensionless) and C2=29710 J / m o l , w i t h l n ( v I o ) = -9. It i s i n t e r e s t i n g t h a t t h e l a s t term i m p l i e s t h a t t h e r e e x i s t s an extremely s m a l l n u c l e a t i o n r a t e a t W s (i.e., t h e h i g h e s t temperature of t h e 'shear' C c u r v e -s e e Ref. 16 ) c o n s i s t e n t w i t h t h e i n t e r p r e t a t i o n o f Time-Temperature-Transformation c u r v e s given i n (5). C2 and C3 a r e about an o r d e r of magnitude s m a l l e r than t h o s e a s s o c i a t e d with low-temperature i s o t h e r m a l m a r t e n s i t e k i n e t i c s ( 1 9 ) , and t h e r e a s o n s f o r t h i s a r e n o t c l e a r ; n e v e r t h e l e s s , t h e r e a s o n a b l e degree o f agreement between t h e e x p e r i m e n t a l l y measured t i m e s f o r t r a n s f o r m a t i o n t o v a r i o u s v a l u e s o f 
. It should a l s o be noted t h a t t h e s m a l l value o f p is c o n s i s t e n t with t h e f a c t t h a t b u r s t s o f b a i n i t i c t r a n s f o r m a t i o n do n o t occur.
Despite t h e e x t e n s i v e computing c a r r i e d o u t t o e s t a b l i s h t h e above c o n s t a n t s , it is n o t c l e a r t h a t optimum v a l u e s have been reached. Some o f t h e s c a t t e r i n Fig.3 can be a t t r i b u t e d t o t h e f a c t (Fig.1 ) t h a t experiments repeated under i d e n t i c a l c o n d i t i o n s g i v e s i g n i f i c a n t l y d i f f e r e n t r e s u l t s . However, it is a l s o e v i d e n t t h a t t h e a n a l y s i s based on Eqn.10 does n o t f u l l y account f o r "second order1' (Fig.3 ) a l l o y i n g element e f f e c t s , s i n c e t h e t h r e e a l l o y s e x h i b i t d i f f e r e n t s c a t t e r about t h e l i n e o f u n i t s l o p e i n Fig.3 . The c a l c u l a t i o n s a l s o i n d i c a t e d a small b u t s y s t e m a t i c tendency t o o v e r e s t i m a t e t h e r e a c t i o n r a t e s a t h i g h e r temperatures.
Conclusions. -A mechanism based t h e o r y f o r t h e o v e r a l l t r a n s f o r m a t i o n k i n e t i c s o f t h e b a i n i t e r e a c t i o n h a s been developed, which g i v e s good o v e r a l l agreement w i t h experimental d a t a , a l t h o u g h f u r t h e r work i s c o n s i d e r e d n e c e s s a r y t o p r o p e r l y account f o r c e r t a i n s y s t e m a t i c e r r o r s i n p r e d i c t i o n . 
